Thirteen extensively characterised grain sorghum varieties were evaluated in a series of 7 broiler bioassays. The efficiency of energy utilisation of broiler chickens offered sorghum-based diets is problematic and the bulk of dietary energy is derived from sorghum starch. For this reason, rapid visco-analysis (RVA) starch pasting profiles were determined as they may have the potential to assess the quality of sorghum as a feed grain for chicken-meat production. In review, it was found that concentrations of kafirin and total phenolic compounds were negatively correlated with peak and holding RVA viscosities to significant extents across 13 sorghums. In a meta-analysis of 5 broiler bioassays it was found that peak, holding, breakdown and final RVA viscosities were positively correlated with ME:GE ratios and peak and breakdown RVA viscosities with apparent metabolizable energy corrected for nitrogen (AMEn) to significant extents. In a sixth study involving 10 sorghum-based diets peak, holding and breakdown RVA viscosities were positively correlated with ME:GE ratios and AMEn. Therefore, it emerged that RVA starch pasting profiles do hold promise as a relatively rapid means to assess sorghum quality as a feed grain for chicken-meat production. This potential appears to be linked to quantities of kafirin and total phenolic compounds present in sorghum and it would seem that both factors depress RVA starch viscosities in vitro and, in turn, also depress energy utilisation in birds offered sorghum-based diets. Given that other feed grains do not contain kafirin and possess considerably lower concentrations of phenolic compounds, their RVA starch pasting profiles may not be equally indicative.
Introduction
Rapid methods to assess feed grain quality are of interest to integrated chicken-meat producers and feed-millers as the quality of feed grains are important determinants of bird performance. Starch pasting profiles of feed grains assessed by rapid viscoanalysis (RVA) may be a relatively rapid and accurate indicator of feed grain quality . Promatest protein solubility of feedstuffs may also be indicative although it cannot be considered as rapid methodology unless it can be harnessed by nearinfrared spectroscopy.
The determination of starch pasting profiles by RVA was originally developed by Charles (Chuck) Walker in relation to rain damaged wheat (Walker et al., 1988) . Presently, RVA starch pasting profiles are used extensively in the human food industry but their applications in animal nutrition have been limited. However, the possibility remains that RVA starch parameters of feed grains may provide valuable indications of their quality for chicken-meat production (Masey O'Neil, 2008) . Doucet et al. (2010) found strong negative correlations between dietary peak and final RVA starch viscosities with starch digestibilities at the mid-point of the small intestine in weaner pigs. Example RVA starch pasting profiles of maize, sorghum and wheat are shown in Table 1 , which stem from 2 related reports (Liu et al., 2014; Truong et al., 2014) comparing the effects of phytase supplementation of broiler diets based on these 3 feed grains. Interestingly, as reported by Truong et al. (2014) , 1,000 FTU/kg phytase significantly decreased peak RVA of maize-and wheat-based diets but significantly increased this parameter in sorghum-based diets.
A number of papers have reported on the RVA starch pasting profiles of grain sorghum including Hamaker (2003, 2005) , Sopade et al. (2009) and Shewayrga et al. (2012) . Several publications, including Miller et al. (1973) , Atwell et al. (1988) , Batey (2007) and Acosta-Osorio et al. (2011) , provide detailed explanations of RVA starch pasting profiles, which is not to be confused with starch gelatinisation. Pasting is a subsequent phenomenon to starch gelatinisation involving granular swelling, exudation of molecular components from the granule and, ultimately, total disruption of the starch granule (Atwell et al., 1988) . The RVA curve depicts the impacts of agitation, temperature and time on the viscosity of the starch paste (Batey, 2007) .
Wheat is the dominant feed grain for chicken-meat production in Australia and sorghum constitutes the balance but is usually perceived to be somewhat inferior to wheat; consideration has been given to this perception in several reviews (Selle et al., 2010 (Selle et al., , 2013 Liu et al., 2015) . Contemporary Australian sorghum crops do not contain condensed tannin ; however, there is the belief that the stigma associated with 'bird-proof' sorghums, which did contain condensed tannin, persists. Nevertheless, the performance of birds offered sorghum-based diets is variable (Hughes and Brooke, 2005) . The majority of energy in poultry diets is derived from starch and the fundamental problem appears to be poor starch/energy utilisation in poultry offered sorghum-based diets (Black et al., 2005) . On the basis of both in vitro (Giuberti et al., 2012) and in vivo data, the digestibility of sorghum starch is inferior to maize. In addition, sorghum-based poultry diets are associated with relatively poor pellet quality and responses in broiler performance to inclusions of exogenous enzymes may be modest.
Background
The focus of this review is on 13 very extensively characterized grain sorghum varieties grown in New South Wales and Queensland primarily because both their RVA starch pasting profiles and kafirin concentrations had been determined. Kafirin was quantified by methodology detailed in Truong et al. (2016a) . The average amino acid profiles of kafirin in 2 sorghums, MP (107 g/kg protein, 41.1 g/kg kafirin) and HP (113 g/kg protein, 50.5 g/kg kafirin), are shown in Table 2 . They are in very close agreement with data generated by Xiao et al. (2015) which represent the average amino acid profiles of kafirin in 3 grain sorghums. It is evident that kafirin contains a paucity of lysine and most essential amino acids with the noticeable exception of leucine. Kafirin is the dominant protein fraction in grain sorghum and the protein quality of this feed grain is questionable as a consequence (Selle, 2011) . Barros et al. (2012) reported that condensed tannin interacts strongly with starch, decreasing its digestibility, and suggested that amylose and linear fragments of amylopectin are involved in these interactions.
Importantly, none of the 13 sorghums contained a pigmented testa as detected by the Clorox bleach test (Waniska et al., 1992) and this indicates that they did not contain condensed tannin. Concentrations of 'non-tannin' total phenolic compounds, a range of polyphenols, free, conjugated and bound phenolic acids were determined by analytical methodology described in Khoddami et al. (2015) .
Moreover, the 13 grain sorghum varieties were evaluated in a series of broiler bioassays on the Camden Campus of this university. Six red sorghums harvested on the Liverpool Plains in 2009 (designated as LvP 1 to LvP 6) were evaluated in sorghum-casein diets as reported by Khoddami et al. (2015) . Two of these sorghums (LvP 3 and LvP 5) were subsequently compared in conventional broiler diets by Truong et al. (2015a) . The balance of one white (Liberty) and 6 red sorghums (designated as FW, Block I, Tiger, JM, MP, HP), which were variously grown on the Darling Downs in Queensland or the Liverpool Plains and Murrumbidgee Irrigation Area of New South Wales, were assessed in several studies. Sorghum FW was evaluated by Truong et al. (2015b) in a study involving the addition of sodium metabisulphite and exogenous phytase to sorghum-based diets. Sorghums Block I and Tiger were evaluated by Selle et al. (2016b) in a study designed to investigate the impacts of hammer-mill screen size and grain particle size on broiler performance. Liu et al. (2016) used sorghums Block I, HP and Liberty to formulate 10 nutritionally equivalent broiler diets that were compared in an 'equilateral triangle' response surface design. Truong et al. (2016b) compared sorghums Block I, HP, Liberty, Tiger, MP and JM directly and in another study sorghums HP and Tiger were again assessed Truong et al. (2016c) .
In the relevant studies, RVA starch pasting profiles were determined in duplicate using a RVA-4 analyser (Newport Scientific, Warriewood, Australia) via methods described by Beta and Corke (2004) . In brief, finely ground sorghum grain (4.2 g) was mixed Table 2 Amino acid profiles of kafirin in MP and HP sorghums in comparison to data generated by Xiao et al. (2015) . with deionized water (23.8 g) in a heating and cooling cycle of 13 min. The slurry was held at a temperature of 50 C for 1 min and then heated to 95 C and held for 2.5 min prior to cooling the slurry to 50 C and holding that temperature for 2 min. Peak, holding and final viscosities were recorded and, effectively, breakdown (peak minus holding) and setback (final minus peak) viscosities deduced and peak time and pasting temperature were monitored. Interestingly, setback viscosity or the difference between peak and final viscosities may be associated with starch retrogradation (Wang et al., 2015) . Thus, the core objective of this review is firstly to identify the factors inherent in grain sorghum that have the capacity to influence the feed grain's nutritional value as indicated their RVA starch pasting profiles. The second phase is to assess the potential of RVA starch pasting profiles as yardsticks for the quality of sorghum as a feed grain in poultry. Finally, some attention will be paid to Promatest protein solubilities of sorghum as yardsticks for the same purpose. Assessments of sorghum quality as a feed grain will focus on parameters of nutrient utilisation including apparent metabolizable energy (AME), metabolizable to gross energy ratios (ME:GE), nitrogen (N) retention and N-corrected AME (AMEn) in broiler chickens.
Inherent grain sorghum factors and RVA starch pasting profiles
Selected characteristics of the 13 grain sorghums are shown in Table 3 ; these include starch concentrations determined by NIR, amylose proportions of starch, protein contents and solubilities, kafirin concentrations, concentrations of total phenolic compounds and phytate, and grain texture as determined by the particle size index (PSI) method (Symes, 1965) . In addition to total phenolics, the polyphenols analysed included anthocyanin, flavan-4-ols, luteolinidin, apigeninidin, 5-methoxy-luteolinidin and 7-methoxy-apigeninidin Also, in addition to total phenolics, the phenolic acids analysed included p-hydroxy benzoic, vanillic, caffeic, p-coumaric, ferulic, syringic and sinapic acids in their free, conjugated and bound forms. The corresponding RVA starch pasting profiles are shown in Table 4 .
Pearson correlations between numerous factors in sorghum and their corresponding RVA starch pasting profiles were deduced and selected examples are shown in Table 5 . As is evident in this table, sorghum protein contents were associated with decreased peak and breakdown viscosities, and increased pasting temperatures, to significant extents. Sorghum starch contents could be expected to have reciprocal effects but this was not the case as there were not any significant correlations between starch contents and RVA parameters. Also, the amylose proportion of starch did not appear to influence (P > 0.35) RVA starch pasting profiles. This is in contrast to a study by Beta and Corke (2001) from which it may be deduced that amylose proportions of ten sorghums were negatively correlated to peak RVA viscosities (r ¼ À0.838; P < 0.005) but positively correlated to final RVA viscosities (r ¼ 0.651; P < 0.05). However, there was little variation from the mean amylose content (27.9%) across the 10 sorghums.
Phytate concentrations in sorghum did not appear to have any real influence (P > 0.15) on RVA profiles. Instructively, sorghum kafirin concentrations were associated with significant depressions in peak (r ¼ À0.578; P < 0.04) and holding (r ¼ À0.559; P < 0.05) viscosities with trends towards depressed breakdown (r ¼ À0.493; P ¼ 0.087) and final (r ¼ À0.479; P ¼ 0.098) RVA viscosities.
Additionally, total phenolic compounds in sorghum were associated with significantly depressed peak (r ¼ À0.566; P < 0.05) and holding (r ¼ À0.558; P < 0.05) viscosities. Phenolic compounds also tended to depress breakdown (r ¼ À0.471; P ¼ 0.104), final (r ¼ À0.425; P ¼ 0.087) and setback (r ¼ À0.493; P ¼ 0.147) RVA viscosities. Alternatively, the polyphenolic compound 5-methoxyluteolinidin was associated with significant increases in peak, holding and final RVA viscosities.
Ferulic acid is the dominant phenolic acid in sorghum but in its free (P > 0.75) and conjugated (P > 0.125) forms it was not associated with differences in RVA profiles. As tabulated, however, bound (r ¼ 0.575; P < 0.05) and total (r ¼ 0.570; P < 0.05) ferulic acid were associated with significant increases in setback viscosity with positive trends evident for final viscosity.
The noteworthy outcome is that concentrations of both kafirin and total phenolic compounds were associated with significant linear reductions in peak RVA viscosities as illustrated in Fig. 1 . This is despite the relatively limited numbers of sorghum varieties assessed which were grown under an unknown range of environmental conditions. Catechin, a flavan-3-ol polyphenol, and ferulic acid have been shown to influence sorghum RVA starch pasting profiles (Beta and Corke, 2004) . However, this is almost certainly the first investigation into the relationship between kafirin and RVA profiles in grain sorghum and it does appear that kafirin is influential.
Sorghum RVA starch pasting profiles and nutrient utilisation in broiler chickens
Pearson correlations between sorghum RVA starch pasting profiles and parameters of nutrient utilisation in broiler chickens offered corresponding sorghum-based diets are shown in Table 6 . The analysed data was derived from 5 experiments Selle et al., 2016b; Truong et al., 2015a,b; 2016a,b,c) involving 9 sorghum varieties (LvP 3, LvP 5, FW, Tiger, Block I, HP, Liberty, MP, JM). Three results for Tiger, and 2 results from both Block I and HP provided a total of 13 sets of observations. As shown in Table 6 , RVA starch pasting viscosities tended to be positively correlated with AME but not to significant extents; the strongest correlation was between peak RVA viscosity and AME (r ¼ 0.475; P ¼ 0.101). Peak time and pasting temperature tended to be negatively correlated with AME. However, peak (r ¼ 0.588; P < 0.04) and breakdown (r ¼ 0.644; P < 0.02) viscosities were positively correlated with AMEn to significant extents and, similarly, peak time (r ¼ À0.661; P < 0.015) and pasting temperature (r ¼ À0.618; P < 0.025) were negatively correlated. RVA starch pasting viscosities were positively correlated to ME:GE ratios; these linear relationships were significant for peak (r ¼ 0.810; P < 0.005), holding (r ¼ 0.817; P < 0.005), breakdown (r ¼ 0.749; P < 0.005) and final (r ¼ 0.764; P < 0.005) RVA viscosities. Peak time (r ¼ À0.552; P ¼ 0.05) and pasting temperature (r ¼ À0.559; P < 0.05) were negatively correlated with ME:GE ratios to significant extents. The linear relationships between peak and final RVA viscosities with ME:GE ratios are shown in Fig. 2 .
The Pearson correlations for energy utilisation parameters are valid in that the leverage of different experiments was not significant. The probability values from multiple linear regressions combining the experiments and relevant parameters are shown in parentheses (AME: P ¼ 0.352, ME:GE ratios: P ¼ 0.179, AMEn: P ¼ 0.200). However, there was a significant experimental leverage (P ¼ 0.012) for N retention and while the Pearson correlations are tabulated they are not otherwise considered. Other than 2 exceptions, RVA starch pasting profiles were not significantly correlated with weight gain, feed intake, FCR and ileal digestibilities of starch and protein (N). The 2 exceptions were setback viscosity with weight gain (À0.758; P < 0.005) and feed intake (À0.706; P < 0.01).
A sixth experiment ) provides a unique opportunity to assess RVA starch pasting profiles in relation to bird performance. In this experiment 3 sorghums (Block I, HP, Liberty) were used to formulate 10 diets containing 620 g/kg sorghum of various blends. Thus, the RVA starch pasting profiles of the 10 dietary treatments can be calculated as shown in Table 7 . This permits Pearson correlations to be established between RVA profiles and parameters of growth performance and nutrient utilisation reported by Liu et al. (2016) (Table 8 ) and, similarly, starch and protein (N) digestibility coefficients and disappearance rates from 2 small intestinal sites (Table 9) . 
As is evident in Table 8 , final and setback viscosities were positively correlated with weight gain to significant extents and tended to be negatively correlated to FCR. RVA profiles were not related to feed intake or AME. However, significant positive correlations were deduced for peak, holding and breakdown viscosities with both ME:GE ratios and AMEn and pasting temperatures were negatively correlated with ME:GE ratios and AMEn to significant extents. Also, peak, holding and breakdown viscosities tended to be positively correlated with N retention. The linear relationships between peak RVA viscosities with ME:GE ratios and AMEn are shown in Fig. 3 .
As shown in Table 9 , final and setback viscosities tended to be correlated with distal jejunal starch digestibility coefficients. However, peak, holding, final and setback viscosities were positively and significantly correlated with starch disappearance rates in both the distal jejunum and distal ileum. Final and setback viscosities tended to be correlated with distal ileal protein (N) digestibility coefficients. Alternatively, peak and breakdown viscosities were negatively and significantly correlated with protein (N) disappearance rates in the distal ileum; whereas, peak time and pasting temperature were positively and significantly correlated with distal ileal protein (N) disappearance rates. Collectively, this suggests that sorghums with high starch paste viscosities may be associated with rapid starch disappearance but slow protein (N) disappearance rates.
Sorghum protein solubilities and nutrient utilisation in broiler chickens
As documented in Table 3 , the Promatest protein solubilities of the 6 red sorghums harvested on the Liverpool Plains were Fig. 1 . Linear relationships between concentrations of (A) kafirin (r ¼ À0.578; P < 0.04) and (B) total phenolic compounds (r ¼ À0.566; P < 0.05) in 13 sorghum varieties with peak rapid visco-analysis (RVA) viscosities. GAE ¼ gallic acid equivalent.
Table 6
Pearson correlations between sorghum rapid visco-analysis (RVA) starch pasting profiles and parameters of nutrient utilisation in broiler chickens offered corresponding sorghum-based diets. 1 RVA profile AME ME:GE N retention AMEn
AME ¼ apparent metabolizable energy; ME ¼ metabolizable energy; GE ¼ gross energy; AMEn ¼ apparent metabolizable energy corrected for nitrogen. 1 Data derived from Khoddami et al. (2015) , Selle et al. (2016b) , Truong et al. (2015a Truong et al. ( ,b, 2016a . P is the significance of probability value and r is the correlation coefficient.
Fig. 2.
Linear relationships between (A) peak (r ¼ 0.810; P < 0.001) and (B) final (r ¼ 0.764; P < 0.0025) rapid visco-analysis (RVA) viscosities and ME:GE ratios in broilers offered diets based on 9 sorghum varieties in 5 feeding studies [adapted from Khoddami et al. (2015) , Selle et al. (2016b) , Truong et al. (2015a Truong et al. ( ,b, 2016a ].
determined by methodology outlined by Odjo et al. (2012) . Pearson correlations between protein solubility, kafirin and crude protein contents of 6 red sorghums with parameters of nutrient utilisation of birds offered corresponding sorghum-casein diets are shown in Table 10 . Interestingly, there were positive correlations between sorghum protein solubility and parameters of energy utilisation including AME (r ¼ 0.874; P < 0.025), ME:GE ratios (r ¼ 0.862; P < 0.03), and AMEn (r ¼ 0.827; P < 0.05). Kafirin is a poorly soluble protein source; however, the negative correlation between sorghum protein solubility and kafirin (r ¼ À0.542; P > 0.25) was not significant. This may simply reflect the small number of sorghums assayed. Alternatively, kafirin and glutelin are the 2 prominent protein fractions in grain sorghum and both are located in the endosperm (Selle, 2011) . Kafirin is found as discrete protein bodies which, together with starch granules, are embedded in the glutelin protein matrix of sorghum endosperm. Thus the solubilities of both protein fractions may play a role in determining how efficiently sorghum starch/energy is utilised. Far more attention is paid to Table 8 Pearson correlations between sorghum rapid visco-analysis (RVA) starch pasting profiles and parameters of growth performance and nutrient utilisation in broiler chickens offered ten sorghum-based diets.
1 RVA profile Gain Feed intake FCR AME ME:GE N retention AMEn
FCR ¼ feed conversion ratio; AME ¼ apparent metabolizable energy; ME ¼ metabolizable energy; GE ¼ gross energy; AMEn ¼ N-corrected AME. 1 adapted from Liu et al. (2016) . P is the significance of probability value and r is the correlation coefficient.
Table 9
Pearson correlations between sorghum visco-analysis (RVA) starch pasting profiles and digestibility coefficients and disappearance rates of starch and protein (N) parameters in the distal jejunum (DJ) and distal ileum (DI) in broiler chickens offered 10 sorghum-based diets.
kafirin but Beckwith (1972) described glutelin and its role in starcheprotein interactions in sorghum probably deserves more consideration. These preliminary outcomes do suggest that the protein solubility of sorghum and other key feedstuffs for poultry diets merits further investigations.
Conclusions
It is noteworthy that concentrations of kafirin and total phenolic compounds in the 13 sorghum varieties assessed were negatively correlated with peak and holding RVA viscosities to significant extents. The negative influence of phenolics is consistent with data reported in Lemlioglu-Austin et al. (2012) as these researchers found that sorghum extracts containing phenolic compounds significantly reduced final and setback viscosities of maize starch. However, this is almost certainly the first time that the negative influence of kafirin on RVA starch pasting profiles has been reported. The implication is that both kafirin and certain phenolic compounds are interacting with starch.
Our contention is that ME:GE ratios provide a sensitive indication of the efficiency of energy utilisation. Therefore, it is instructive that peak, holding, breakdown and final RVA viscosities were positively correlated to ME:GE ratios to significant extents across 5 experiments. In addition, similar observations for peak, holding and breakdown viscosities were made in the sixth experiment . It is tempting to attribute the genesis of these positive relationships to the negative impacts of kafirin and phenolic compounds on starch pasting viscosities which is being reflected as inferior efficiency of energy utilisation in poultry. The probability that 'non-tannin' phenolic compounds have this capacity was specifically considered by Khoddami et al. (2015) . Axiomatically, white sorghum varieties will contain less polyphenols than red sorghums and quite possibly less phenolic acids; on this basis the likelihood is that broiler chickens offered white sorghum-based diets will outperform their counterparts on red sorghum-based diets.
The importance of starcheprotein interactions in relation to utilisation of energy derived from feed grains in poultry is recognized (Rooney and Pflugfelder, 1986) . In sorghum, the focus is on kafirin protein bodies and starch granules which are both embedded in the glutelin protein matrix of sorghum endosperm. The consensus is that kafirin impedes starch utilisation (Taylor, 2005; Taylor and Emmambux, 2010) although dissenting opinions have been expressed (Gidley et al., 2011) . However, 3 of our studies (Truong et al., 2015b (Truong et al., , 2016b Liu et al., 2016 ) strongly indicate that kafirin does indeed impede starch energy utilisation in sorghumbased poultry diets although the underlying biophysical and biochemical interactions have not been defined precisely. The depressive impacts of kafirin on RVA starch viscosities reported herein are entirely consistent with the proposition that kafirin has a deleterious influence on the efficiency of energy utilisation of broiler chickens offered sorghum-based diets. Of real concern is the possibility that the kafirin proportion of sorghum protein has increased in recent decades as an inadvertent consequence of breeding programs (Selle, 2011; Liu et al., 2015) .
Finally, the determination of RVA starch pasting profiles of feed grains is a relatively rapid, inexpensive procedure. In the case of sorghum, these findings suggest that varieties with high starch Fig. 3 . Linear relationships between peak rapid visco-analysis (RVA) viscosity of 10 sorghum-based diets and (A) ME:GE ratios (r ¼ 0.860; P < 0.005) and (B) AMEn (r ¼ 0.788; P < 0.01) [adapted from Liu et al. (2016) ].
Table 10
Pearson correlations between protein solubility, kafirin and crude protein contents of 6 red sorghums with parameters of nutrient utilisation of birds offered corresponding sorghum-casein diets. AME ¼ apparent metabolizable energy; ME ¼ metabolizable energy; GE ¼ gross energy; AMEn ¼ N-corrected AME. 1 adapted from Khoddami et al. (2015) . P is the significance of probability value and r is the correlation coefficient.
pasting viscosities, especially high peak RVA viscosities, will support better bird performance. The likelihood is that such varieties will have low protein and kafirin contents and low concentrations of phenolic compounds. However kafirin is unique to sorghum and sorghum contains substantially more phenolic compounds than other feed grains (Bravo, 1998) . Thus, our conclusion is that RVA starch pasting profiles do have real potential to assess the quality of sorghum as a feed grain for chicken-meat production but it is problematic if this potential extends to other feed grains.
